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ABSTRACT 


*  bi  layer  of  ndm  polywer  filao,  Pt/poly-l0e(bpy)J(epy)2>V/poly-  /\ 

"Si  A 

[to(rlyy)jl  ,  ia  coated  oa  a  ft  electrode.  Mattiay  a(  the  ao}ylK«) 
owtar  fila  «f  a  pre-oaidUed  bi  layer,  ft/poly-[Oo J^/poly-(»«]**  ia 
controlled  by  tbo  rata  of  eloctroa  diffuaiea  through  «ba  iaaor,  poly- 
10.)^  fila.  Vbn  oaMiiiai  tbo  outer  poly- 1  Bui**  fila  of  o  reduced 
Pt/pely-lOe]**/poly-(B»]2*  bl  layer ,  however,  tka  rato  of  eaidatioo  da  panda 


largely  on  tbo  kiaetica  of  eloctroa  traaafor  bet 


poly-(Oa) 


tbo  C£.  aoaolayer  of 


folylla]  aitea  ia  ceatoct  at  the  interface  between  the  two 


polyaar  filao.  The  eloctroa  diffeoioa  kiaetica  ia  tbo  two  polyaar  filao 
perturb  the  iaterfaciel  reaction  rate  oaly  alightly,  ao  that  a  lower  liait  to 


the  iaterfaciel  eloctroa  traaafor  rote  coaetaat  ia  awailobi 


tbia  value  ia  within  a  factor  of  jf.  M  of  that  calculated 


?V“ 

id  fraa  the 


rkobly, 


the  Marcua 


relatioa  for  the  cerreapoodiag 
ia  acotoaitrile. 


a  croc a  eloctroa  traaafor  reaction 
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Ultre-tbin  (10-1 ,000ns),  aCablc,  and  adharaoC  filaa  of  Che  elactroactive 

24  24- 

cranaicion  metal  polymers  poly-[M(bpy)2(vpy)2)  and  poiy-[tu(vbpy) jl  where 

M  ■  Oa  or  Ku,  vbpy  “  4-vinyl-4'-methyl-2,2'-bipyridine  and  wpy  *  4  vinyl- 
pyridine,  are  aaaily  alecCropolyaariaed  ooCo  Pc  alaccrodaa  from  monomer 


complex  solutions 


Theae  filaa  and  Choaa  of  analogous  complexes  have 


provided  a  number  of  imporcanc  insights  iato  Che  inCernal  electron  aelf 
exchange^’*,  permeation^  7,  and  electron  transfer  mediation  chemistry6-^  of 
transition  matal  polymers.  This  paper  further  exploits  this  electron 
transfer  chemistry  to  strive  at  an  estimate  of  the  rate  of  an  electron 
transfer  reaction  between  two  different,  contacting  polymer  film  surfaces. 

The  rate  of  such  a  polymer  surface  to  surface  electron  transfer  has  eluded  us 
in  previous  experiments^'*'*®,  and  as  far  as  we  are  aware  has  never  before 
been  reported  for  any  pair  of  contacting  polymer  films  or  biological  membrane 
materials. 

The  experiment  is  based  on  a  Ft  electrode  coated  first  with  a  thin  (30- 
•0  mooolayc— equivalents)  poly-JOs (bpy)2(vpy)2)*4  film  (E°  ■  0.73V  vs. 

MCE),  which  is  than  over-coated  with  a  similarly  thin  poly-(Ru(vbpy)jl2* 
film  (E°  "  1.14V  vs.  SICE).  Since  the  inner,  poly-(Os)2*  film  is 
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relatively  pinhole  free*,  electree  ttMlfin  between  the  Ft  electrode  end  the 
outer,  yolyltu]24  fila  ere,  like  eer  yrevioue  kileyer  electredee, 
cooat reieed  te  eccer  et  the  yoly  (Oa]/yely-[lu]  fila/fila  ieterfece,  vie  the 
poly-(Oa]  fils.  By  cootrol  of  the  Ft  electrode  yeteetiel ,  electree  treeefer 
react iooa  ehich  can  he  driven  ecroee  the  file/ file  interface  are: 

• 

Ft/yoly-lOeJ^/yolytlu)3*  — >  Ft/yolytOe)2*/yoly  Iku)2*  (1) 

atarting  with  both  filma  eeidieed  and  awaaying  the  yotential  negatively,  and 
Pt/poly-IOal^/poly-IkoJ2^  — >  Ft/yelyl0el24/yolylhn)3*  (2) 

e 

alerting  with  both  filae  reduced  and  eneeyiag  yotential  yoeitively. 

Inaction  1  ia  themodynanieelly  favored.  Baactioo  2  ia  unfavorable  hot 

u 

ia  driven  nonetheleaa  by  continone  reganeretion  of  the  inner  film  yoly(Oe) 
atete.  By  analogy  with  exyeriaente  ia  ehich  each  tranaitien  natal  yolyner 
filna  vara  need  to  drive  theraodyaaaically  favored  and  no favored  on i dot  ion 
(or  redaction)  of  eolutiooe  of  natal  caaylesee  and  themodynanieelly 
favored  reactiooa  ia  ocher  bileyer  eleetrodoe2,6”10,  no  can  geaaa  at  the 
likely  rate  controlling  eteya  of  Koactieae  1  and  2.  Specifically,  Inaction  1 
ia  likely  to  be  controlled  by  the  rate  ef  electron  diffneioa  ia  the  inner, 
poly-[0ej  filn  (control a  the  enyyly  of  yoly-|Oa)  aitee).  The  rate  of  the 
themodynanieelly  favored  electron  tr confer  croea-reactiea  in  Benctiea  I 
ahould  be  noch  feater  than  the  electron  diffneioa  etoy.  dad,  on  hoped  that, 
aa  found6  for  the  eolation  cony  lea  mectiene,  the  eyyoeite  ai  toot  ion  would  be 
found  ia  traction  2,  abate  the  rate  of  the  themodynanieelly  unfavored  and 
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Vi*  the 


tku  much  i1on4  electron  tranafer  croe*  reaction  should  btcM  laaa  than 
Ckat  of  th*  electron  diffusion  process.  Th*  Pt/poly-[Os]/poly-[Iu]  bilayer 
«ai  designed  od  tbia  baa  la.  Tba  tyacific  polymer*  vara  furthermore  aa lac tad 
to  yrtvidt  both  a  rathar  larga  unfavorable  fro*  aaatp  change  (1^  - 
•  O.dOjV;  •  1.4a  10  7) ,  and  ao  inner  file  polywer  with  a  high  alactroa 
diffusion  rat*  (th*  poly-|0a]24^34  filo). 


Expectation*  with  raapact  to  rat*  control  in  Inaction  1  oar*  raalitad. 
Eapactationa  with  raapact  to  tba  more  aignificant  taaction  2  ar*  raalitad  to 
a  firat  approximation  only,  bat  nonathalaaa  coaatitut*  th*  firat  data 
available  on  th*  rat*  of  oloctron  tranafara  between  contacting  polymer 
aorfac** . 
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Synthase*  of  (OadpyljttpyljKFf^j  and  |bt(«knr)j](n()j  have  b**n  described 

1  2  4-9 

oarlior  '  ,  aa  haa  tba  aloctrocbonical  apparatna  TetreethylaMooiwn 

perchlorate,  St^NClO^,  (la* man)  mi  tbrico  rocryatalliaad  froa  water  and 

atorod  in  vacuo  at  30*C.  Acatonitrila  (Burdick  and  Jackson)  waa  atorad  over 

nolacular  sieves.  All  experiment*  ware  performed  in  0.1M  Et^PClO^/CH with 

standard  tbra*  electrode  instrumentation. 

The  Pt/poly-[0*(bpy)J(vpy)J)j4/poly-I»u(vbpy)J]24  bilayera  uer*  prepared 
aa  follows.  A  Pt/poly-(Oa(bpy)j(vpy )j|*4  a Inc trod*  was  prepared  by  reductive 
electropolymerisation  from  a  ca.  0.3  nM  solution  of  the  monomer  and  tba  inner 
film  coverage  determined  by  cyclic  volt anna try  in  monemar-free  0.1M 
It^nciO^/CBjC*.  The  outer  poly-[tu(vbpy)j]34  filn  was  next 
electropolymeriaed  from  a  ca.  0. luM  monomer  solution.  All  inner  filno  and 
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reanltaat  klltjtr  filae  «m  titikly  w*tk  (ahiay).  Outer  file  coverage* 


rwUr  wn  (kulat4  U  0.1M  Ot^KlO^/COjCi  kjr  mtlrlif  1.4V  w.  Ag/AgCl  to 
the  bi layer  electrode  for  20-45  aieetc*  (to  drive  the  theiMdyaaai colly 


iftvonbl*  It.  (2)  to  coapletioe) .  4  patottiil  ocoo  m 


initiated  tram 


1.4  to  0.4V  to 


the  Vt/0«2*/lo**  trapping  peak  (toectioo  1).  (” 


ee*  obtained  by  integrating  the  charge 


thla  trapping  pooh.  The  Ag/AgCl 


poendo-refereace  eea  mod  ia  place  of  the  ceavaatieaal  SSCS  ia  tboaa 


taper  iaent*,  to 


leakage  of  Cl”  ieto  the  working 


it  daring 


the  leeg  eeit  at  1.4V.  la  all  other  aaperiaeata ,  pecaatiala  aero  referred  to 
the  MCE. 

[OaCMejbp;) jKPV^)^  eaa  prepared  by  a  aedificatiaa  of  a  ataadard 
aethod11.  200.05  ^  (0.450  Mole)  OO^JjOeClj  (Kaglehard)  aad  421.7  ag  (2.2* 
Mole)  4,4'-«e2bpy  (Kail ley  Cheaicala)  were  reflaaed  far  5  haera  eader  >2  ia 
50  al  2-(2-aethoayethoay)ethaaol  (Aldrich).  The  dark  greea  reectiaa  aiatere 
eae  cooled  to  room  teaparatere  eader  ij,  aad  50  al  IjO  eae  added,  taterated 
■IgWg/ *20  eea  added  to  the  atirred  aoletioa  aatil  precipitatioa  ceaaed.  The 
greea  eolid  eea  collected  hy  aoctiee  filtratioe  aad  eeahed  with  200  al  0j0 
aad  200  al  BtjO.  The  erode  prodect  eae  parified  hy  chraaatography  ea  AljO^ 
uaiag  3:2  tolaaaa/aijCR  am  the  eleeat.  The  aaia  greea  head  eaa  collected  aad 
taken  to  dryaeaa  by  rotary  evaporation.  The  eolid  eae  dieeoleed  ia  a  aiaiaea 
of  CHjCR  aad  added  dropeiae  into  a  etirrieg  eolution  of  ItjO.  The  greea 
eolid  eaa  collected  by  aectiaa  filtratioe.  Tield:  327  *  (7*2). 
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Cyclic  Volti— try  of  the  Ft/oolr-lOel/oolv-ttul  liligr.  In  otter  to 
observe  iMctioo  1,  starting  with  both  tbo  poly- l 0a)  and  poly-Ike]  filas  is 
th*  (X]3*  state,  •  positive  potential  waa  applied  to  the  bilayer  for  a 

24 

period.  Full  ootid* t ion  of  tb*  poly-(Oa]  fila  proceeda  quickly,  but  the 
poly-Itu]  fila  ia  oxidised  via  keactioo  2  which  ia  alow.  For  th*  fila 
coverages  aaployed  here,  poecatioetattiag  at  el.4V  for  at  leaat  20  aiautaa 
was  satiafactory . 

Th*  cyclic  voltaaaetry  of  a  thus  pre-tnidixed  bilayer  is  shown  in  Figure 
1.  The  sharp  reduction  current  peak  at  ca.  ♦fl.WV  ia  due  to  the  bilayar 
electrode  cherge  trapping  kaactioo  1,,  in  which  th*  vary  aaall  quantity  of 
poly-lOa]2*  states  generated  at  this  potential  is  rapidly  conewad  at  th* 
fila/ fila  interface  by  th*  polylkul3*  fila.  The  quantity  of  electroactiw* 
poly-Iku]3*  sitea  in  the  outer  fila  waa  ascertained  by  integration  of  th* 
charge  under  this  peak.  If  the  pre-potentioetating  period  is  shortened,  to  5 
ainutea  for  iustauca,  th*  trapping  peak  ia  appreciably  aaaller  ("MX)  because 
keactioo  2  haa  not  procaeded  to  coapletion. 

Tb*  shape  end  behavior  of  the  sharp  reduction  peak  in  Figura  1  for 
Enaction  1  ia  aiailar  to  that  observed  for  earlier  bilayer  electrode 
(theraodynaaically  favorable)  trapping  reactions3'*'2®.  Tb*  peak  ia  however 
auch  better  resolved  than  aeet  we  have  reported*'3.  Using  a  theory  assigning 
control  of  tha  current  to  electron  diffusion  in  the  inner  fila,  we  analysed 
the  reduction  peak  in  Figure  1  by  plotting  th*  current  on  the  rising  part  of 
the  sharp  peak  according  to  tb*  equation3'* 
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wh*r*  ®et  (i  th*  tlKtra  diffw*i*a  coefficient  and  C  it  tbt  pcljur  sits 
concentration  (“i.WO**  nol/cn7)  la  tit*  loner  fils.  Th*  log  i  ti  I  ■ 

At 

I.  slot*  *r*  liaoor  op  to  N1  of  th*  e«rr*st  peak.  For  •  **ri**  of 

UMt 

•aperioeot* ,  th*  *1of«*  aod  intercept*  of  th***  plot*  yield,  respectively , 
th*  interaction  p*r*o*t*r  g  (deacrib**  th*  Pern* ties  shop*  fwoctioa  of  th* 
Oo(m/XI)  wf*11)  tmi  «l*ctroo  diffwaioo  constant  for  th*  poly- 1 0*)  filo  io 
Tahl*  X.  Th*  lack  of  dependence  *o  riii|r  and  T#-tar  «*i  agr**n*nt  of  th* 
electron  diffwaioo  p*ro*t*r  with  other,  independent  r«*«lt*  for  th*  **o* 
poly- [0*1  filo.  0*tC  -  l.lslO-7  aod  I.JnlO“7  ooi/eo7**,  coofito*  th* 

•spotted,  that  th*  aharp  peak  rodoctioo  cwrrest*  io  rigor*  1,  aod  th*  rat*  of 
gaactioa  1,  ia  gowemad  by  th*  rata  of  *l*ctroo  diffoaiao  io  th*  inoar,  poly- 
[Oa]  filo. 

Th*  a*ceod  rodoctioo  peak  ab**r**d  at  *0.73 F  n  MCI  for  a  pre- 

pot  aotio*  tatted,  Pt/poly-[0eJ  ^/pely-tbel5*  hi  layer ,  i*  do*  to  iod«ctieo  of 

th*  oaia  portiao  of  tha  poly-|0*(hpy)j(rpy)j)2*  ioaar  filo.  Thi*  aod  th* 

•easing  r* aside tioo  p oak  at  th*  aao*  potential  coo  h*  ob**rvod  without  th* 

pr*-potostio*t«ttiag  rootio*  aioca  th*  poly- [0*1  filo  i*  ia  direct  coo tact 

with  th*  Ft  *l*ctrod*.  Th*  charge  wader  th*  poly-10*]24^74  wn  o*«*ur«*  the 

ioocr  filo  coverage,  ri##|r,  which  wo*  foood  to  b*  th*  aao*  before  and  after 

•l*ctropolyo*ri*iog  th*  poly-(to)  oot*r  filo  layer*.  At  potent ial  *o«*p 

2*/3* 

rata*  «oploy*d  bar*,  peak  current*  for  th*  p*ly-|0e)  wow*  ar* 


proportieoal  to  aooop  rat*. 

Caotiaoati«o  of  th*  retwra,  poaitiw*  going  potential  scan  r*w**l*  io 
Figaro  1  a  ahallow  aaidatioa  cwrmt  p**k  (*)  at  ca.  1.0V.  Th*  *  peak  i* 
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attributed  to  taaetieo  2.  (la  bilayers  aha re  the  difference  in  inner  and 

.1 

outer  S  value*  ia  great ,  no  peak  non Id  ha  observed  here  at  all;  ia  than* 
ceoee  the  outer  film  i*  nore  stably  trapped  ia  it*  eaidation  atate^’*.)  For 
the  Pt/poly-|Oo]/poly-[gu]  bilayer,  the  rate  of  the  Inaction  2  ia,  nhile 
quit*  alow,  atill  rapid  enough  to  give  a  peak  ia  the  voltaanetry .  Ve  have 
previously*  referred  to  peak*  auch  aa  thia  aa  the  "hack  reaction"  aa  they  are 
deletarioc*  to  charge  atorag*  application*  of  hilayar  electrode*. 

That  the  a hallow  (*)  currant  peak  in  Figure  1  ia  due  to  Inaction  2,  and 
i*  ana  11  and  eballow  becauae  it  la  kinatically  controlled,  one  confined  by 
aweeping  the  potential  at  different  rate*,  atarting  at  ♦0.3V  with  the  filn  in 
ita  reduced  atat*  (Figure  2).  Adjuating  the  recorder  current  aenaitiwity  in 
concert  with  (proportion!  to)  the  potential  awaep  rate  nonaliaea  the 
current  acale  for  the  poly-fOs]3*^24  peak,  ao  that  it  appear*  unchanged  ia 
Figure  2.  The  ahallow  {*)  peak  at  1.0V,  however,  ia  definitely  enhanced  by 
the  uae  of  *1ow*t  potential  acan  rataa.  Thia  observation  confine  its 
kinetic  control. 

ledox  Pupping  of  the  Qatar  Filn.  The  potential  acan  rat*  dependency  of  the 
peak  current  for  Inaction  2  (*)  in  Figure  2  could,  in  principle,  he  enployed 
to  extract  the  rat*  of  laoction  2.  lather  than  anploy  the  rather  cenplem, 
tine  dependent  reveraible  kinetic  theory  required  for  thia,  wo  adopted  a 
siapler  approach,  uaing  a  rotated  diek  bilayer  electrode  in  a  solution  of  the 
reductaat  lOatNe^py)^4.  The  reductant  (1°  ■  ♦O.bbV  vs.  ISCI)  serves  to 
prevent  depletion  of  poly-flu]24  states  in  the  outer  filn  during  Inaction  2, 
and  the  rotated  disk  arranganent  provide*  a  steady  naas  transfer  of 
{OsOte.bpy),)2*.  The  redox  energy  level  achenc  for  this  arranganent  is 


illustrated  is  Figure  3. 


Iota  froa  the  echeae  that  the  function  of  the  electrode  potential  ie  to 
lover  the  poly-[Os l24/poly-{0e  ] 3+  ratio  sufficiently  in  the  inner  filn  to 
initiate  a  net  rate  of  electron  transfers  f ran  poly-(tu]2*  to  poly-[Os]34 
greater  than  that  fron  (the  ordinarily  no  re  favorable)  poly-[EuJ34  to  poly- 
[0.]24.  Expressing  the  poly-{0e)24/poly-(0s)34  ratio  with  the  garnet 
equation  (plus  g  interaction  parameter  as  used  in  Eq.  (3))  and  assigning  rate 
control  to  the  filn/filn  electron  transfer  of  Inaction  2,  lends  to  the 
equations  for  the  voltaanetric  response  of  a  Ft/poly-[Oa]/poly-(Eu)  rotated 
disk  electrode  in  e  solution  of  reductent ,  |Os(Me3bpy3)]2+, 
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in  uhich  i^  ia  the  Uniting  current  of  the  rotated  disk  voltaaaograa,  k  is 
the  second  order  croes  electron  transfer  rate  constant  of  Enaction  2  between 


the  contacting  polyner  filn  surfaces,  each  containing  ca.  a  nonolayer  of  poly 
[Os]  and  poly»(lu]  sites  (aasuaa  iiaan  -  -  UiO-1°  nol/cn2),  Ej  is 

the  half  neve  potential  of  the  rotated  diak  voltanogran,  and  i(t  ##t|t  ie 
the  current  through  the  outer  filn  that  would  he  United  by  electron 


diffusion  det  mtmr  -  «Fd»ct  .ontar^ter'  F •.ter*  * 


The  rotated  diak  voltaaaetric  response  of  a  Ft/poly- 
[0s(bpy).(vpy).)34/poly-(tu(vbpy).)24  bilayer  with  f. 


3.65xl0-9  and 
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1  t  -  1.92x10  mol/ cm  in  a  3.3aM  (Oe(Me2bpy)3)  aolotioo  ia  abown  in 

Figure  4.  A  ateady  atata  kinetic  pave  with  ■  0.93V  and  i^^  *  2S.2vA 

(currant  donaity  “  458pA/cn*)  ia  obaerved.  Of  Iqa.  4  and  S(  application 

of  Eq.  4  ia  the  ■ ore  aignificant  in  tbat  it  predicta  no  dapondoncy  on 

electrode  rotation  rate  (none  obaerved)  or  upon  f~.  end  • 

inner  outer 

Limiting  curraot  reaulta  free  voltammograna  for  a  aeriea  of  bilayer 
elactrodea  are  ahown  in  Table  II.  The  experimental  acatter  ia  fairly 
appreciable,  but  to  a  firat  approx ination  (aea  below),  i^m  appeera  to  be 

conatant  and  Eq.  4  ia  aatiafied.  Valuea  of  the  filn/filn  electron  tranafer 

2  — o  9 

rate  kd  fall  in  the  range  2  to  3x10  mol/cm  a. 


Eqa.  3  end  6  are  alao  aatiafied  by  voltammetry  like  Figure  4,  for  Eq.  5 
by  the  linearity  of  plota  of  B  ve.  logli/U^-i)!  vhoee  alope  ■  0.063V  givea 
g  •  0.94  agreeing  with  Table  1,  and  for  Eq.  6  the  Ej  obaerved  in  the 
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volt name try.  Eq.  6  predicta  tbat  the  E^  potential  for  poly-(tu)  oxidation 

„» 

ahould  occur  at  a  leea  poaitive  potential  than  E  (el. 14V)  according  to 

outer 

the  ratio  i..  /i  .  With  a  value  of  C  •  6x1 0~® 

lii  et, outer  ct, outer  outer 

mol/cm^a^  determined  elaewhere^,  Eq.  6  predicta  an  E^  of  0.97^  to  0.99^V  for 
the  i^.^  and  given  in  Table  II.  Tbeee  lie  with  39  to  65nV  of  the  E^ 

actually  obaerved. 


The  redox  punping  by  reductant  outlined  in  Figure  3  can  alao  be  uaed  in 
cyclic  voltamnetry.  lera  again,  the  reductant  lOaiMejbpy)^]  aervea  the 
function  of  conauming  outer  film  poIy-(Eu)3*  aitea  generated  by  Beection  2  at 
the  bilayer/aolution  interface.  Figure  5  illuetratee  the  cyclic  voltaanetry 
of  the  ?t/poly-[Oe(hpy)2(vpy)2]2*/poly-(Bu(vbpy)3]**  bilayer  of  Figure  1  in 
the  3. S3  uM  (OadUjbpy ) j]J*  aolutioo.  Compered  to  Figure  1,  end  aa  in  the 
rotated  diek  experiment,  an  enhanced  current  ia  obaerved  for  Enaction  2.  At 


id  *  and 


300  aV/a  a  vall-dnfinad,  sigaoidal  aava  cant a rod  at  ca.  O.IW  w.  UCK  ia 
rridaat  ia  Yi|ara  3.  Tha  Uaitiai  earraata  observed  at  100  ,  200,  aad 
500 mV/a,  after  baseline  earraat  corrections,  ara  roughly  tha  Mat  aa  those 
observed  ia  tha  rotated  disk  experiment  (300,  510,  SlOpA/ca2  respectively). 
Evidently,  tha  concentration  -  distaaca  profile*  through  tha  taro  filaa  ara 
astablisbad  rapidly  snough  on  the  tiacseala  of  tha  potential  scan  for  atoady 
atata  currant  flow  to  axiat.  This  liaiting  currant  parsista  until  aufficiant 
tiaa  baa  alapaad  during  tha  coatiauing  positive  potantial  acaa  for 
concantratioa  polarisation  of  tha  (Oe(Me2bpy)2)2*  aolutiaa  to  occur,  at  which 
point  tha  eaaeaatratioa  grad iso t  of  [OaOtajbpy )jJ2+  bacoaas  too  aaall  to 
aupport  tha  liaiting  kiaatic  currant  of  kaactioa  2  aad  tha  earraat  it  assn  to 
dacay.  At  slowar  acaa  rataa,  this  concentration  polarisation  ia  aort 
•ubataatial  aad  tha  paapad  earraata  ara  lowar.  Pigura  5  illwat rataa  tha 
virtu*  of  asiag  tha  rotatad  alactroda  foraat  to  avoid  dsplstioa  of  tho 
puapiag  radactaat. 

Diacuaaioa  aad  gxani  nation  of  Aaaaaatioaa  .  la  fora  coo a ids ring  tha  aaaaarad 
kaactioa  2  fila/filn  rata  of  Tabla  II,  four  iaportaat  assaaptioaa  of  tha 
axpariaaat  should  ha  axaninod. 

Pirst  oaauaad  ia  that  tha  puapiag  radactaat  (0*(M*2bpy) jJ2*  dona  not 
paaatrata  tha  oatar,  poly-(*u|2*  fila  to  aithar  tha  ioaar  fila  or  eo  tha  Pt 
alactroda  (both  mould  giva  a  aava  asar  tha  I*'  "  ♦0.64P  for  (Oo(Mo2bpy)}]2* 
oxidation) .  Pravioua  axplicit  pa  rasa t ion  aaaauraaaata  of  balky,  dicatioaic 
coaplaxas  by  Ikoda5  through  tho  poly-IIu(vhpy)j] 2+  fila  show  that  paraaatioa 
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of  o  canplax  like  lO*(N*2bpy)j]  through  tha  prasant  filaa  should  mot  giva 
aigaificant  currants  on  tha  seals  of  Pigura  A.  Tha  pooping  raduecant  was 
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cholic  ob  tbii  boiio.  That  thi  puapiag  nductaat  olio  does  sot  eacountir 


fils  iapcr  fiction!  (u  opposed  to  pi  miction)  il  loving  icciii  to  thi  Pt/poly- 
[Oi]  interface  ii  clurly  utiifiid  by  the  ibimci  of  a  0.66V  navi  in  Figure 
4.  That,  further,  the  raductant  doaa  not  encounter  outer  fila  iaperfections 

J4 

allowing  acceaa  to  the  poly-[0s]  aitea  at  the  fila/fila  interface  ia  alao 
aatiafied  by  the  absence  in  Figures  4  and  5  of  a  wave  at  0.66V  for  the 
reaction  of  [OsOtejbpy ) j]2*  with  poly-[0a(bpy IjCvpy)^]3*.  Thus,  all 
aesuaptions  surrounding  the  puapiog  raductant  seen  satisfied. 

The  second  assuaption  is  that  there  are  no  aignificant  inner  fila 
iaperfections  through  irtiich  direct  outer  fila  electron  transfer  with  the  Ft 
electrode  aight  occur.  This  assuaption  ia  satisfied  by  the  absence  of  peaks 
at  the  poly-lhu]2*^3*  potential  (E^  •  *  1.14V)  in  Figures  1  and  2. 

The  third  assuaption  deals  with  absence  of  rati  control  of  leactioo  2, 
even  partially,  by  electron  diffusion  retes  in  the  inner  or  outer  filas. 
Calculations  of  the  electron  diffusion  liaited  inner  and  outer  fila  currents 


give  values  of  )  0.15  and  >  0.05  A/ca  ,  far  larger  than  the  jj£a  values  in 

Table  11.  This  by  itself  does  not  totally  exclude  electron  diffusion  rate 

interference,  however.  Another  criterion  is  independence  of  kd  on  the  inner 

and  outer  fila  coverages,  l".M€r  and  r«  Close  inspection  of  Table  II 

reveals  no  obvious  correlation  of  kd2  with  ,  but  a  slight  trend  in  kd2 

inner 

seeas  to  exist  with  „  .  kd2  increases  by  about  a  factor  of  two-fold  as 

outer  ' 

r  -9-92 

'outer  chan>**  *Tom  5*10  to  1.4x10  aol/ca  .  The  iaplication  of  this 
trend  nay  be  a  slight  bias  of  kd2  due  to  the  electron  diffusion  rate  in  the 
outer,  poly-(Iu)  fila.  The  electron  diffusion  rate  in  poly-[Ru(vbpy)j]2+^3* 
is,  indeed,  slower  than  that  in  poly-|Os(bpy)j(vpy)j]2*^3*.  Electron 
diffusion  liaitation*  also  aight  rise  froa  the  thcmodynaaicslly  favorable 


re vara*  at  Kaactioo  2.  Slectroo  liffuiN  it  itcwury  to  maiataia  th« 
proftr  C^/Cj  ratio  vithia  both  film*  at  tha  raactiag  iatarfaca,  a*d  alow 
•loctroa  diffvaioo  vithia  aithor  (ita  007  oot  Nffl;  tbo  roectiag  aitoo  at  a 
rott  rtfairtd  by  tbo  iatarfacial  roactioa.  Tbo  kioatic  data  la  Tabla  II 
aahibit  a  dacreaae  of  only  ea.  2.5  oeer  tbo  raag*  of  film  tbickaaaa.  Kitbor 
font  of  alactroa  diffoaion  kioatic*  might  b*  cootribotiag  to  tbia  amall  triad 
io  tbo  abtamd  kd2  value*.  On  tbia  baaia,  the  moat  reliable  value*  of  hi2 
io  Table  II  abould  ba  tbo* a  obtaiaad  at  tha  laaaitr^^,  i.a. . 
kb2  z  5»10~*  mol/ cm2*.  Caaaarvativaly ,  area  tbia  value  may  rapraaaat  a 
lover  limit  am  kd2. 

Tbo  fourth  aaauvptioa  cemcorma  tbo  Quality  of  tbo  covtact  botvooa  the 

pol;-[Oa]  ao4  poly- (In]  film*,  tha  gaomatrical  aloe trod*  area  (4)  maa  mood 

2 

ia  Eg.  4  to  calc* lata  tha  valve  of  bd  ia  Table  II.  Tbia  aoevmee  that  at  tha 

film/ film  iatarfaca,  tbo  avtarmoot  maa o layer  ( F, _ )  of  aitoa  am  a  amoeth 

poly- (Oe]  film  ia  coatactad  amootbly  mod  voiformly  by  the  iavermoat  momolayor 
( r  .  ]  of  aitoa  ia  tba  poly-[ko]  film.  Iatorfacial  reaahmaaa  of  aitbor 

film  vovld  affect  tbia  ooao^tiom  by  ebaogo  ia  area.  A,  ia  Eg.  4.  Kovgbaaaa 
of  oa*  film  ovrfac*  mitrorad  by  oad  (oaoctlv)  ia  ragiator  vitb  tb*  otbor  film 
vooldd  eahaace  tb*  apporoat  U2,  vbilo  rovgbmaaa  loadiag  to  iaterroytioa* 
(aolvrat-fillod  void*}  ia  tba  iatarfaca  dimiaiahaa  tba  apparaot  kd2.  Both 
•ffacta  might  ba  yraaeat  aimvltaaaevaly ,  ia  difforaot  rogioma  of  tb* 
iatarfaca.  V*  mill  return  to  tbia  difficvlt  aad  gait*  poeaibly  imperfect 
aaevmptioo  later. 

■ov  oaamiao  tba  >  5*10~*  mol/ am2*  rota  aeaigaed  to  tb*  poly- 10*]  ^/poly- 
flu)2*  film/ film  roactioa.  V*  bar*  eatabliobad*  that  roactioa*  of  metal 
complex  aolatea  at  polymer/eolotioa  iatarfaca*  of  pely(Oa)  or  poly-(Ru) 


(oiagla  U|«r)  tilao  km  cimi  eras* far  rata*  wntiUtltklf 


ettraltukla  with  tk*  react ioa  ftaa  mrp  Mitt  tha  nIIHmh  Mareaa 
ralatio.13 

kn  *  (ku  ki2  *ia  f>* 

lot  *  -  (log  *i2>l/l*  Ug  tkjjkjj/*1)] 

tine*  taactioa  2  ia  at  laaat  form  11;  aaalog ooa  to  tkaaa  proviou 
corralatioaa ,  it  boom  raaaoaakla  to  aatiaata,  a  priori,  tk*  rat*  that 
taactioa  2  mold  tear*  war*  it  to  follow  I*.  7.  Oaiag  tk*  tea**  haaogcacooa 
aolotioa  aloe t re*  aalf  aachaag*  rataa  for  lt*(tfy)j]2*^34  aad  I0a(kfy)j]24^3 
caaplaaaa1*,  aad  tka  l.dalO”2  of  taactioa  2  aad  aatiaatiag  aad 

^oatar  M  10”W  ■»!/«■*.  «  caleaiat#  tkat  (k*2)tk##r  akoald  fc*  l.daio”2 
aol/ca2a.  Vat  ia  diffaraat  tacaa,  with  ■  1®  **  aol/ca2,  a 

hoaogaaaaaa  aacaad  ordar  rata  caaataat  far  taactioa  2  of  22  g*1*"1  "  kkMO 
caa  ha  oalcalatad  frea  tka  aagariaaatal  hi2  .3s  10~*  aol/oa2*.  Ikia 
axgariaaatal  cat*  i*  a  factor  of  til  a  lower  tkaa  tka  Ckkaa*)((MW  •  910  M  3  a 
1  cal  cola  tad  froa  Ig.  7  with  tka  lta<tgy)J],*/3*  l0*(kgy),]24/3*  calf 
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* 
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At  malts  of  MU  XX  caastitata  tha  first  satiaato  af  ha a  fast 
alactraa  txaasfars  caa  accar  acraas  tha  iatarfaca  hataaaa  two  polyaeric 
fhasaa.  Based  oa  its  raactioa  fraa  eaergy  sad  tha  praaisas  of  tha  Narcas 
ralatioa  la*  7,  tha  asiiaa  rats  that  laactiea  2  coaid  aahibit  is  J tl»«or 
•  l.del0~7  aol/ca2e  ia  iatarfacial  rata  caaataat  tans,  or  (h**"*)^  “  910 

H1!*1  ia  aora  faailiar  hoaogeaeoas  solntisa  diasasioaa.  Xt  is  rwarkable 
that  tha  obaaraad  rata  is  (at  a  aiaiaa)  ealy  28X  saallar.  Tha  actual 
dif faraaca  asy  he  area  laas,  coasidariag  oar  discuaaioa  of  possible  alactraa 
dif faaioa  rata  liaitatioaa,  ah  ora. 

Coasidar  thia  raaarkabla  raaalt ,  however,  ia  tha  light  of  aaliaat  faataros 
of  tha  previoaoly  aacortaiaod  alactraa  traaafor  properties  of  those  too 
polyaara :  (i)  Talaos  of  the  electros  dif faaioa  coefficieats  0et  ia  poly- 
[0a(hpy)a(opy)2]j4/3^  aad  poly-|MahW)JJl4/3*  traaslato4* 15  to  homogeneous 
elactroa  aalf  eschoage  coaataats  siailar  to  the  haooa  hoaageaaoas  valaas1* 
for  (Oo(hpy)3)34/3*  aad  lia<bpy)3)24/34,  iaplyiag  that  alactraa  traosfors  ia 
those  polyaars  involve  auraoaatiag  the  saae  (intriasic,  oatsr  ephara)  harrier 
as  ia  haaogsasoas  solatioas.  (11)  Tha  rates  of  elactroa  traasfars  betweoa 
aatal  poly-pyridiaa  coop lex  solates  aad  tha  surfaces  of  poly- 
lOsthpyJ^ryyJj)1*^*  aad  poly-lla(vbpy)3]24^34  filae  folloa*”*  tha  fraa 
eaergy-rats  dictates  of  Eg.  7.  Palate  (i)  aad  (il)  say,  ia  offset  that  both 
tha  iataraal  aad  tha  polyaer/aoleclaa  elactroa  trsasfor  ch sals try  of  the  too 
polyaars  oasoatially  folloa  tha  harcas  theory13.  Visaed  ia  this  light,  see 
aight  oxpact  that  tha  vales  of  hi2  for  loactioa  2  coaid  he  saticipstad  frea 
K«.  7,  rather  thaa  baiag  2tX  (or  loos)  saallar. 

Xt  is  apprapriata,  thaa,  to  teas 1 dor  the  factors  ehich  aight  iapede 
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electron  CTMfm  at  tki  fila/ fila  UttriMi.  Iki  Mt  likely  factor  ia  tkt 
quality  of  coatoct  between  tka  too  yolyaer  oorfacoa  (tka  foarth  aaeuaytioa 
diacneaod  above).  Firstly,  ia  the**  acyeriaoata,  tko  too  yolyaer  filaa  aoro 
aot  groan  ia  aach  a  nay  aa  to  aaaaro  rhaaical  beading  between  tko  aoaoloyor 
of  yoly-[Oa(hyy)2<vyy)Jl2*/3*  aad  yoly-lDa<vbyy)jl,*/3*  oitoo  at  tko 
iatorfaco.  To  tko  oatoat  tkat  aeveral  eolvoat  layer*  (or  larger  aolveat 
void*)  oaiat  oitkor  ia  place*,  or  geaerally,  kotaaaa  tke  too  ait*  aoaolayer*, 
tka  effective,  aicroecoyic,  coatactiag  area  of  tka  kilayor  iatorfaco  aigkt  ka 
diaiaioked  aad/or  additioaal  polyoar  ckaia  aotiaaa  aigkt  ke  repaired  to 
diaylace  iaterveaiag  aolveat  to  ackieve  tko  Reaction  2  traaoitioa  atate.  Tka 
ofceervatioa  tkat  U  ia  leaa  tkaa  (kd  aoggoata  tkat  aack  interrmyted 

iaterfacial  contact  aay  ke  aero  yrevaleet  tkaa  ia-regiater  iaterfacial 
roughoaaa1*,  vkick  voald  act  to  eakoaco,  aot  deyroaa,  tke  ayyareat  kd2. 
tocoadly.  React ioa  2  occara  vkile  noet  of  cae  fila  ia  ia  tke  H1+  atate  witk 
aoat  of  tke  acker  fila  ia  tke  M3*  atate.  To  tke  oatoat  tkat  availing  of  tke 
too  yolyaar  atate*  differ*,  tke  lateral  atreaoea  oa  tke  fila/ file  iaterfac* 
aay  degrade  tka  goal ity  of  tke  adkeaive  coatact  kotooea  yoly-[Ru]  aad  yoly- 
(Oa]  aad  thereby  decree**  the  elect roa  traaafer  rate.  Tke  liaitiag  cerreata 
of  voltaaaograaa  like  tkat  ia  Figaro  *  do  ia  fact  decay  oith  tiae  aore 
rapidly  tkaa  do  carreeta  ia  a  coatiaaoaaly  acaaaod  cyclic  voltaaaograa  like 
Figare  2.  Fartheraore,  oith  a  differoat  bat  related  (ga/Fo)  bilayer 
•••aakly,  oa  found5  that  tka  liaitiag  enrreat  decay  coald  bo  partially 
reverted  by  "mating*  tke  kilayor  ia  the  all  *»l*/Fe**  or  all  Ru^/Fe3* 
atatoa.  Differential  ■veiling  aay  aall  therefore  bo  a  crucial  factor. 

Another  yoeaihle  factor  ia  tko  rate  at  diich  charge  caapenaatiag 
cooatarioaa  croaa  the  fila/fila  iaterfac*.  Althoagh  ve  have  ao  direct 


evidence  for  bi  layer* ,  considering  that  the  kinetic  neaeuraments  ware  carried 
out  under  steady  state  conditions,  and  that  previous  date  indicate  that  snail 
anions  are  quite  nobile  in  ainilar  noa-bilayer  films*'1*  ,  we  are  inclined  to 
eliminate  counterion  effects  for  the  present  bilayer. 
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14.  H«  bar*  m  auidence  that  the  aurfaca  of  yoly-[0e)  filaa  art  aubataatially 

rougher  than  tha  gently  undulating  topology  (roughoaea  factor  of  <  2) 
auggaataC  by  aurfaca  prof iloMetry17,  of  telO*9  nol/ca2  poly-(0a ]  filaa 
depoeited  an  (aputtered)  Pt  fila  electrode  am  aMooth  glaaa  aubatrataa,  uith  a 
Sloan  Dektak  prof i lone ter  aat  to  niaiauM  atatua  proa  aura.  Tha  poly- [Oa) 

filua  employed  ia  Tabla  II  uara  all  ahiay  (grainy  apaciuaaa  vara  diacarded), 
and  aarioua  rougbaaaa  uaa  aat  reuaaled  ia  prerioua  kina tic  atudiea*.  Tha 
profiloMatry  doaa  reveal  an  occaaaioaal  daadrita;  o*  ha  liar a  tha a a  coatributa 
uieinelly  to  aabaaciag  tha  iatarfacial  araa  aiaca  Inaction  2  rataa  at 
daudrita  anrfacaa  uill  ha  graatly  attaauatad  by  the  required  high  electron 
diffuaiaa  flam  through  tha  daodrita  craaa-aactiaa . 

12.  K.  Vilbouru,  Oniueraity  of  garth  Carolina,  anyubliebed  raaulta,  1944. 


film  1.  Cyclic  wltaMtty  of  a  Vt/yoly-(Oo(byy)2(oyy)3)  /yely- 
(ke<ekyy)3)**  bilayer  eitk  T.  |  -  3.49elO~*  aM  •  MWl"1 

ml/m1  it  50M/c  it  0.1k  lt4OC104/«3«.  *  •  71  pA/em1.  Si  layer  hi 

fMMtiMUtMi  at  *1.W  n.  i|/i|Cl  (add  30af  to  cornet  to  MCt)  for  10 
aiaetee  before  iaitiatiag  tko  eagatin  yotaotial  ocao  aheea.  Ao  ekary 
rodoctica  peak  at  «t.W  ia  Saactiao  1;  tko  oyaaetrical  codec tioa/aaidatioe 
yeaka  at  ♦O.ddt  <  ♦0.72  V  n.  MCS>  -to  tko  poly-[Oo)J*/3*  ceeylc  of  tko  iooor 
Cite. 

Vigen  1.  Cyclic  eeltaaaetry  otartiag  trm  cg.lv  of  Vt/yoly- 
(Oa(fcyyx(ovf  )3l**/yotr»(go(*yr)||**  kd layer  with  •  l./lali”*  aM 

r|llUl  •  1 . Meli~*  ml/m1  at  >0,  30,  100  tmi  2ggM/e.  0  •  9.41,  11.0,  17.2 
aM  94.4  pA/m1  for  M,  90.  Mi  aM  200  M/e,  nayoctiooly. 

Vigen  1.  laorgy  loool  diagna  for  rotated  4iok  rodeo  yeay  eoyoriaoot  (aM 
tko  cyclic  ooltaneetric  eagertnae  ia  Vig.  9);  decked  liao  nyreoaota 
kaoctioe  2. 

Vigen  4.  katatod  diak  eoita— gws  of  Ike  Vt/yoly-Ido(Syy)|(eyy)jJ**/yoly- 
(0o(«kyy)3)>4  ki layer  of  Vig.  1  ia  2.99  (geOte2byy)3)**eelatiaa  ia  l.l| 
lt4K104/CgjCi.  e  •  10  M/e,  1-91  pA/m1  aM  a  -  4900  r.yM.  Tko  (aaa- 
atoady  at  eta)  oaeo  ok  ei.79  far  tko  oaidociao  of  yoly-|gel**  daoo  ooc  ayyoar 
la  ooltaaMgraaa  cktrlaad  by  heltiog  tko  yotaotial  ocao  for  a  Mart  iokareal 

Vigen  9.  Cyclic  eeltanetry  of  Vt/yely-lOe(byy>2(ny)jI**/yely- 
(•e(Myy)|)X*  bi layer  ia  Vigen  1  ia  2.99  4  (geOtajbyy),)**  nletin  ia  O.q 
tt4«C104/aijai  ot  20,  90,  M0  aM  100  M/a.  9  •  Ml  pA/m1 
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Elactrochaalatry, • Conducting  polyaar,  Polyaar,  Polyaar  Surfaca 
Blactron  tranafar  klnatlca 


ix  anwaacr  i»i.n.iia«mwMria«wa»»aiiw»— 

A  bllayar  of  radon  polyaar  fllaa,  Pt /poly- {Oa (bpy) 2 (vpy ) 9 ) 2+/poly- [Ru ( 
la  coatad  on  a  Pt  alactroda.  Reduction  of  tha  »oly-lRu]3+  outar  flla 
pre-oxldlted  bllayar,  Pt/poly-IOaJ3+/poly-[»u)3  la  controlled  by  tha  t 
alactron  diffusion  through  tha  lnnar,  poly- [Oa ] 2+' 3  flla.  Vhan  oxldls 
outar  poly-(tu)2  flla  of  a  radaead  Pt /poly- [Oa ] 2+/poly- [ Ru ) 2+  bi  layer,, 
tha  rata  of  oxidation  dapanda  largaly  on  tha  klnatlca  of  alactron  trana 
between  tha  ca.  nonolayar  of  poly-lOa)3+  and  poly-(ku]2+  altaa  In  conta 
tha  lntarfaca  batwaan  tha  two  polyonr  fllaa.  Tha  alactron  diffusion  ki 
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